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ABSTRACT

This paper describes facilities developed by
NASA-Ames Research Center for investigating ablative
heat-shield materials for manned vehicles that will
encounter both convective snd radiative heat fluxes
during entry into the Earth's atmosphere. The gen-
eral design and performance of the facilities are
described, and the performance is related to entry
heating conditions expected for manned lunar return
(Apollo) and Mars return vehicles. The possible
application of the facilities to planetary entry
problems is briefly considered.

Three facilities have been developed which
provide different ranges of heating conditions and
sizes of agblation specimens. The same general
design concept was used for the facilities. An arc-
heated, high-speed gas jet is used in each facility
to provide the convective heating conditions, and
the radiative fluxes are provided by a combination
of an electric-arc radiation source (or sources),
and an optical system for collecting and focusing
the radiation. One facility is in use, the second
is nearing completion, and the third is in the ini-
tial stages of construction. The first facility
provides convective and radiative fluxes that are
somewhat higher than those expected for the normal
entry conditions for the Apollo wehicle, but the
facility is limited to small specimen sizes {less
than one-half inch diameter for radiative targets)
and modest arc jet conditions. The second facility
was developed to provide combined heating on specimen
sizes up to four inches in diameter using arc heaters
with increased enthalpy and total pressures, without
sacrificing model flux levels. The third facility
will provide radiative and convective flux levels,
and arc-jet conditions approaching those expected for
a manned Mars return vehicle; specimen size is
intermediate to those of the other two facilities.

INTRODUCTION

Vehicles entering planetary atmospheres can
encounter both convective and radiative heating of
considersble magnitudes. (See, e.g., refs. 1-L.)
Therefore, heat shield materials for these vehicles
mist be designed and tested to insure vehicle sur-
vival. 1In order to test the materials, ground-based
facilities mst be developed to duplicate the heating
environments, or if this is not feasible, then to
similate the environments.

In this paper, facilities which are used for
simulation of combined convective and radiative
entry-heating environments will be discussed briefly.
First, the requirements for these facilities and some
of the limitations imposed upon similation of these
heating fluxes in ground-based facilities will be
discussed. Next, the combined heating facilities
developed at Ames Research Center will be described
and their performsnce given. Last, the expected
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performance capabilities of possible future
facilities will be discussed.

SIMULATTON REQUIREMENTS

In order to discuss the requirements for
simlation consider first the entry environment
shown in figure 1. For the purpose of this paper
only the stagnation region of a wvehicle entering the
atmosphere at a velocity, V, and density, p, will be
considered. The velocity and density are such that
a high temperature gas cap is formed which will pro-
vide both convective heating (due to flow of the hot
gases over the vehicle surface) and radiative heat-
ing (due to radiation from the high temperature
gases within the gas cap). For example, the flight
environment for pesk heating during an Apollo entry
at sbout 12 km/sec is tabulated in the figure. For
this velocity an impact pressure of about 0.6 atm
and stagnation-region temperature of about 9600° X
are developed. It would be preferable to test full-
scale wodels at veloeities and densities (or impact
pressures) for the full-scale vehicles. However,
this is generally not feasible in a ground-based
facility, and, as a result, we must simlate full-
scale heating environments rather than duplicate
them.

PARAMETERS

In this similation, consider the significant
simulation parameters for the entry-heating environ-
ment, The first two of these are given by the
following relations

b, ~ V2
Py ~ PVE

where hy is the stagnation enthalpy and py 1s
the impact pressure at the vehicle surface and p
and V are the free-stream density and velocity,
respectively. The third parsmeter is wvehicle size,
or nose radius. Since these parameters may vary
with time in the flight environment, time st be
included in the list of parameters for proper sim-
lation. Our ground-based facilities must provide a
wide enough range of these parameters to allow an ¢
understanding of the material ablation process to be
developed along with theoretical and semiempirical
methods for predicting the flight performance of the,
heat-shield material.

The stagnation-point heating results from a
combination of conveetive heating, radiative heating
and a combustion of gases and surface material,
Details of these processes are beyond the scope of
this paper and can be found in references 2, 5, and
6. Only the simple equations for laminar-convective
and equilibrium.rgdistive hesting will be diccusesed
here. (See refs. 7 and 8.) Consider first the
convective heating in the stagnation region of sa :
hemispherical bodyv. It can he synracaad gg follows: ’

N77-74202

P
: .. Unclas
00,98 ~30060




N /Pt.
4, 2 constant - §; h, (1)

where Py is the model impact pressure, R, is the
nose radius, and hy 1s the stagnation enthalpy.

Generally, for economic or technical reasons
the laboratory model size or nose radius is much
smaller than for full-scale vehicles, However, equa-
tion (1) indicates that either enthalpy or pressure
can be varied to compensate for the small model nose
radius. If we reproduce flight values of enthalpy in
the laboratory environment, the impact pressure may
be reduced below the flight value in order to repro-
duce full-scale heating on small scale models, Thus,
a full-scale convective heating environment can be
reproduced over a considerable range of parameters in
the lsboratory.

Unfortunately, the radiative flux cannot be
adjusted in the manner described for the convective
flux., This fact is demonstrated by the following
equation which is an spproximate expression for the
stagnation-point radiative flux:

d, = constant - ptl'shtmRn (2)

where m varies from 1 to about 5. It is apparent
from this expression that the radiative heating rate
varies directly with nose radius. Thus a reduction
from full scale to model size (a reduction of as much
as 100 to 1) results in greatly reduced radiative
heating rates even if flight enthalpy and pressure
are matched., A solution to this scaling problem is
to irradiate the model with an external source,

Representative Flight Heating Rates

In order to provide an appreciation for the
orders of magnitude of the convective and radiative
heating fluxes imposed upon flight vehicles,
stagnation-point rates for three different manned
missions are given in figure 2. These are, a satel-
lite mission such as Gemini, an Apollo-type mission
and the reentry into the Earth's atmosphere from a
manned Mars mission. For the satellite entry, the
stagnation-point heating is essentially all convec-
tive and less than 60 W/cm®. For Apollo vehicles,
the convective heating is about 300 W/cm® and the
radiative heating rate is sbout 700 W/em®. For the
Mars return mission, both the convective and radia-
tive heating rates are almost one order of magnitude
higher than those for the Apollo wehicle, Thus, with
current and future missions, stagnation-point heating
rates vary over almost two orders of magnitude.

With this background discussion on some of the
convective and radiative heating requirements and
some of the important simlation parameters, we will
next consider the facilities at Ames Research Center
which are used to provide combined-heating
environments,

AMES ENTRY-HEATING FACILITIES
Entry-Heating Simlator
The facility is shown in figure 3. It is

described in detail in reference 8. This facility
provides independent control over the radiative and

convective heating rates. The convective heating
flux is provided by a combination of an Ames
developed arc hester with a contoured nozzle, (See
ref. 9,) The radiative heating flux is obtained
from an arc-imaging system utilizing a 22 kW carbon
arc which is placed at the focal point of an ellip-
soidal mirror. This arc is then reimaged on the
model which is placed at the focal point of a second
ellipsoidal mirror. The resulting radiation has a
spectral distribution that is largely within the
visible and infrared range.

Figure 4 shows the convective heating rates
that are availsble in the Entry Heating Simlator
with various model impact pressures. Also shown by
the dashed lines are the corresponding values of
stagnation enthalpy. In the table at the right is
shown s comparison of the convective heating perfor-
mance of this facility and two mission requirements.
It is apparent that the convective heating rate for
the Apollo can be matched, but that for the Mars
return mission cannot. The other parameters cannot
be matched for either mission.

The radiative heating fluxes available in this
facility are shown in figure 5. This figure indi-
cates the gaussian type of radiation flux distribu-
tion that is imposed upon the model. This nomuniform
distribution results from the use of the simple
ellipsoidal-mirror optical system and the nonuniform
carbon arc source of finite size. With this distri-
bution the test area on the model is limited to a
diameter of about 0.8 cm. The maximum radiative
heating flux is about equal to the peak value shown
for the Apollo, and sbout 1/8 that for the Mars
return mission.

The convective and radiative heating rates
provided by the facility are sufficiently high that
some materials can be evaluated and some fundamental
understanding of their ablation processes can be
obtained., Model sizes are too small, however, for
the proper evaluation of the performance of modular
types of heat-shield materials such as filled
honeycomb materials. It was this shortcoming in
model size as well as the poor radiative flux distri-
bution available that led to a larger facility which
is designated the Ames Combined Heating Facility and
is described below.

Conbined Heating Facility

Figure 6 is a schematic view of the facility
which shows the convective heating system and two
modules of the lh-module radiative heating system.
This facility was designed to provide uniform radia-
tive and convective heating fluxes over material
samples as large as 10 cm in diameter with indepen-
dent, time-variasble control over both radiative and
convective heating fluxes.

Convective Heating System

The system was designed to use different arc
heaters, because no single heater is availsble to
cover the entire pressure-enthalpy spectrum desired,
With this design; more advanced are heaters can he
installed, with very little facility modification,
Two arc heaters are currently used for this facility.
These are a high-pressure, moderate-enthalpy heater
and a low-pressure, high-enthalpy heater. The high-
pressure arc heater is a Linde Company design which
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is described in detail in the literature and will not
be discussed here. (See refs. 10, 11, and 12.) The
high-enthalpy arc heater is a constricted-arc type
similar to the heaters described in considersble
detail in a paper presented by Mr. Charles Shepard
and will not be described here. (See refs. 13, 1k,
15, and 16.) The references for the convective arc
heaters discuss in considersble detail the various
factors limiting arc heater performsnce and, there-
fore, the convective heating system performance.

Radiative Heating System

Each module of this system consists of an Ames
125 KW radiation source (ref. 17) with its collector,
a field lens, a folding mirror and a combination
projection lens and a test chamber window. The
collector was designed to meke the distribution of
radiative flux on the field-lens plane as uniform as
possible, The projection lens reimsges this field-
lens flux distribution upon 10-ecm diameter flat-faced
models. The folding mirror was included to reduce
the size of the system. In addition to these main
components, each module contains a water filter,
uniformity filter, and a douser located between the
field lens and the folding mirror. The douser is
used to intercept the radiative flux while the system
is being started and brought to the desired operating
condition. The projection lenses for the 1k modules
are equally spaced around the center line of the arc
heater and nozzle. An estimate of the overall size
of the facility can be obtained from the oversll
length of the optical system which is a little over
5 meters long, and the test box height which is about
2 meters. Although not shown here, the entire opti-
cal path around the test chamber is enclosed within
an air-conditioned structure. This is necessary to
protect personnel from the ultraviolet radiation and
ozone produced, and to protect the components of the
system from dust and ozone.

Performance of Combined Heating Facility

Convective heating system.- Figure 7 shows the
model impact pressures and staghation-point convec-
tive heating rates available in this facility using
the two arc heaters previously discussed. The test
region results from a combination of the test regions
available with both arc heaters. The operating
limits were estimated from actual operational data
obtained on the arc heaters corrected to the nozzle
areg ratio and model effective nose radius for this
facility. The corresponding values of stagnation
enthalpy are shown by the dotted lines. The table
shows that the convective heating rate and the
enthalpy for the Apollo mission can be matched; how-
ever, the impact pressure is too low. It should be
noted that if & smaller nozzle exit diameter (and
hence smaller model) were used, the Apollo heating
rates, enthalpy and impact pressure could be matched.

Radiative heating system.- In order to estimate
the performance of the radiative heating system one
prototype module of the lh-module rsdiative heating
system was assembled and its performance measured.
The data taken on this single module then were
adjusted for the llh-module operation of the Conbined
Heating Facllity. The results are presented in fig-
ure 8. Shown here is the maximm unfiltered flux
distribution that is expected for a 10-cm-diameter
model, The approximate area-average heating rate is

about 680 W/em2. This is only slightly below the value
shown for the Apollo vehicle,

The flux distribution is altered when
uniformity and water filters are added to each
module, The uniformity filter will remove part of
the energy in the central region of the distribution,
and reduce the level of the area-average flux to
sbout 400 W/cm® with a flux variation of only
+5 percent.

FUTURE FACILITY DEVELOPMENT

The performance of the Combined Heating
Facility shown in figures 7 and 8 as well as the
performance of the Entry Heating Simulator given in
figures 4 and 5 are considerably below that required
for missions such as the manned Mars return; hence,
more advanced facilities need to be developed.

Work currently in progress 1s expected to
provide, by 1968 and 1972, the capsbilities shown in
Tsble I. TFor comparison the Mars return mission is
also listed. The 1968 facility is an advanced ver-
sion of the Entry Heating Simulator. Note that its
performance will still be short of that required
for the mission shown. However, by 1972, it will be
possible, with small models, to match all the listed
performance requirements except for impact pressure.
Note that for larger models, the 1972 performance
will still be considerably below the mission
requirements.

The 1968 Advanced Entry Heating Simlator
performance is based upon the present day state-of-
the-art for both the arc heater and the radiation
source. The only serious performance limitation of
the facility is the low radiative heating rate com-
pared to the Mars mission requirement. This limita-
tion results from the requirements (1) that the
optical system provide a uniform flux distribution
on the model,and (2) that it incorporate only one of
the recently developed Ames 125 kW radiation sources,
Even with this source, the power and radiance are
not high encugh to attain the radiative heating rate
for the Mars mission,

As a result of the radiation source performance
limitation, Ames Research Center has sponsored a
development program with Electro-Optical Systems,
Inc. The goals for this source development are an
increase in available source output power by a
factor of gbout 5 and an increase in average radi-

‘ance by a factor of 3 to 4, Early results from

prototype tests indicate that the radiance goal can
be obtained, and that input powers in excess of 1
megawatt are practical., However, the operating
efficiency may be only 10 to 20 percent. Development
of this source is not expected to be completed before
1968. The use of this future radiation source along
with an advanced constricted-arc heater would pro-
vide the performance capsbility shown in the "1972
state-of -the-art" column for the small model. The
possible 1972 performsnce capabilities shown for the
larger model size was estimated using a 30 megawatt
constricted-arc heater to provide the convective
flux and a number of the 1 megawatt radiation sources
to provide the radiative flux.

CONCLUSIONS

It has been shown that convective and radiative
heating environments of missions such as the Gemini
and Apollo missions can be simulated using existing
convective arc heaters and radiation sources.



However, to simulate the entry heating environment
for missions such as the manned Mars return, consid-
erable development of both convective and radiative
heating systems mst done if models as large as 10 cm
in diameter are to be tested.
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TABLE I.- FUTURE CAPABILITIES
4 MARS 1972 STATE OF ART\
1968
PARAMETER | Roon | FACILITY [TSMALL | LARGE
MODEL MODEL

q,, w/em? 3500 5000 ~8200 ~2000
4,, wcm?2 5500 2000 ~8500 ~2700
b, aim 19 s 10 5
hy , MJ/Zkg 92 ~ 100 ~100 ~I00
Qm . cm 304 1.9 1.9 ~20 )

APOLLO (10g ENTRY)
V& 12km/sec
Ty = 9600° K
py=.6atm

Figure 1.- Entry heating environment.
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Figure 2.- Maximum heat-transfer rates
for manned entry vehicles.
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Figure 6.- Ames Combined-Heating Facility.
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Figure 7.- Convective heating performance of the

Ames Combined-Heating Facility.
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Figure 8.- Expected radiative heat-transfer

distribution for the Ames Combined-
Heating Facility.



